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SUMIARY
SQE 1013
This is the fourth quarterly report for the "Study of Capacitors for Static
Inverters and Converters®,

The objectives of the study are to establish capacitor AC characteristics
and ratings for reliable operation in aerospace static inverter and converter
applications and to facilitate minimum capacitor Volume and Weight selection
consistent with maximm equipment performance and reliability,

This study was imitiated to obtain capacitor AC data and characteristics
that are considered essential in the selection of static inverter and converter
capacitors for space applications,

General Electricts Specialty Control Department in Waynesboro, Virginia is
conducting this study,

This report covers the work accomplished from May 16, 196 through August 16,
196l and containss

a) Capacitor dissipation factor and capacitance versus temperature
and frequency,

b) Comparison of metallized paper polycarbomate-foil, and metallized
polycarbonate capacitor dissipation factors,

¢) Results of a 1000 howr capacitor life test with L0OO cps voltage

and 85°C ambient, A ﬁ
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INTRODUCTION

Capacitors being evaluated in this study are limited to those suitable for
use in aerogpace static inverters and converters operating in space
enviromnents, Inverter rating guides used in this capacitor study are
115/200 volt, 3-phase, LOO cps, 0,1 to 10,0 kilowatt output with input
voltage range from 25 to 105 volts D,C.

The need for this study was influenced by the stringent requirements imposed
on capacitors by the operating natuwre of equipment in space enviromment and
by the general lack of capacitor AC characteristics and data,

Heat is generated within cormmtating and filter capacitors because the volt=
ampere~dissipation factor products are appreciable, In commitating capacitors,
the volt-ampere product is less than in filter capacitors, but the commtating
pulse and ripple frequencies have larger dissipation factors than at the
filter capacitor frequency, Transfer of the heat losses within the capacitors
are usually limited to conduction across their mounting surfaces to radiator
cooling systems on spacecraft, Iack of adequate capacitor AC data and
characteristics could result in weight and reliability penalty factors in
aerospace static inverter and converter applications,

Objectives of this study are to obtain capacitor AC data and characteristics
to facilitate proper capacitor selection for aerospace static inverter and
converter applications,

There are four (};) phases in this studys (1) Defining Capacitor State-of-
the-Art Surveys (2) Conducting Capacitor State-of-the-Art Survey; (3) Experi-
mental Testing of Capacitorsy and (L) Capacitor Evaluation and Recommendations,

During the first three quarterly report periocds, the Capacitor State-of-the-
Art Survey was defined and conducted, Sample quantities of metallized poly=-
carbonate, polycarbomate/foil and metallised paper capacitors were procured
for experimental testing, Results of the survey revealed that polycarbonate
dielectric capacitors are considered state-cf-the-art capacitors, Metallised
polycarbonate capacitors approach metallised paper capacitors in price,
weight and velume, but the lower dissipation factors may result in significant
weight and volume advantages in certain AC applications, Analysis of
commtating capacitor losses; reported in the 3rd, Quarterly Report,
illustrated that capacitor losses, while subjected to complex waveforms, may
be predicted from capacitor characteristics determined from sinusoidal wavee
forms,
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This is the fourth quarterly rt for the work accomplished between
May 16, 1964 and August 16, 1964, During this period the experimental
testing was in progress, Test results included in this report are
capacitance and power factor values versus temperature and frequency and
results of 1000 hour capacitor life test at 859C with 40O cps voltage,
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Capacitance and Disspation Factor Tests

Purpose

Capacitance and dissipation factor values for polycarbonate and
paper capacitors from several mamifacturers are being determined

by test over a temperature range from = 55°C to + 85°C and
frequency range from 40O e¢ps to 10 kilocycles, In addition
disgipation factors for a few capacitors are being obtained at
frequencies up to 60 and 80 kilocycles, These data will provide
equipment designers and capacitor mamfacturers with characteristics
that will facilitate proper selection of capacitors for aerospace
inverter and converter applications, Iaboratory temperatwre and
frequency test data are available for dielectric films, but
capacitors contain materials other than the dielectric films and
require construction techniques which can alter the capacitor
characteristics, These construction techniques include mounting

of the capacitor roll or stack within the container, end comnections
40 the capacitor and impregnants or fillers if any are used,

DescripELon of Tests

Capacitance values were determined with an impedance bridge
constructed for these tests, This bridge was constructed with
components and interconnections that resulted in a mirmdimmm of
reactance and therefore little error was introduced by the bridge
over the frequency range, An elemsnmtary diagram of this type
bridge is shown in Figure 1, Capacitance values measured with

thia bridge compared favorably with values obtained with a ’
General Radic Model 716-C and Sprague Model IW2 ecapacitance bridges,

Capacitor dissipation factors obtained from the impedance bridge
nmeasurements provide comparative data that was adjusted by
correction factors obtained from calorimeter heat loss measure-
ments, Adjustment of these dissipation factor data is necessary
because unknown and stray capacitances can be appreciable in the
range of interest,

Use of the calorimeter is made in measuring the rate of heat

being generated from a capacitor immersed in a fluid by observing
the rate of temperature rise, Calibration of the calorimeter is
accomplished by mounting known values of resistors to the capacitor
surface within the calorimeter and measure the direct current
flowing in the resistor while observing the rate of temperature
rise of the calorimeter fluid, Caution was exercised to obtain
the rate of temperature rise after the thermal inertia had been
overcoms,



Elsnentary Diagram of Impedance Bridge

Rl1=99.7 OHMS; CS=,0l MFD.JGEN.RADIO STD. 1409L
CX= Capacitor under test

RC= Adjustable resistance (switch, fixed resistors and a potentiomster)
RD= Adjustable resistance (switch, fixed resistor and a potentiometer)
AMP - Battery operated, single stage, transistor amplifier

M- Harmonic Wave Analyser - used as mull detector

Dissipation Factor = Rex = Rd_ = RDWCS
Ics

Where Rex is the effective resistance of capacitor under test,

Capacitance: &1‘ - a CX = CSéRC!

Figure 1
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Photographs of the calorimeter, test equipment and calorimeter
test specimen mounting were shown in the 3rd, Quarterly Report
and are shown in Figures 2 and 3 of this report for convenience
to che reader, A calorimeter calibration curve is also repeated
for the reader in Figure C1,

Calculation of the rate of heat input is obtained from:
I2R = Watts = °C/mimite calorimeter fluid

Calculation of the capacitor dissipation factor is calculated
froms

D,F, = Watts where Watts = Rate of temperature rise
Volt-amperes Calibration rate of
temperature rise

Care was exercised to minmimigze the calorimeter heat loss rate by
maintaining the calorimeter fluid ture within + 29C of the
calorimeter external ambiemt (2l - 26°C within the enclosure),
Maintaiming the calorimeter fluid within + 2°C of the ambient
temperature was accomplished by replacemant of the fluid between
tests,

Tmpedance bridge measurements at 25°C ambient and up to 10 kilow
cycles have been made for eighty-five (85) capacitors and
correction factors to adjust the bridged dissipation factor values
for fifty-five (55) capacitors have been applied,

Capacitance and dissipation factors of seventeen (17) capacitors

were measured by the impedance bridge over the temperature range

up to 10 kilocycles, Correction factors for eleven (11) of these
capacitors have been obtained,

Results of Tests in 25°C Ambient

Irtﬁeda.me bridge capacitor test data over a frequency range from
0.4 to 10 kilocycles in 25°C ambient with simsoidal voltage wave

form for fifty-five (55) capacitors are tabulated in Tables A-l
through A=-3 in Appendix A,

Metallized Polycarbonate Capacitors

Table A-l contains capacitance and percent dissipation factor test
data for twenty-five (25) metallized polycarbonate capacitors,
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Capacitor dissipation factor used in this report is defined as the
ratio of the resistive component to the capacitive reactance
camponent, The capacitors used in this study have very large
capacitive reactance components compared to the resistive components
and resulting errors are small as shown below:

Re Re where e € Xe
I’ "+ RXe
The curve in Figure Al illustrates 8,2 percent capacitance variation

and 2,7 percent average capacitance variation versus frequency for
the capacitors tabulated in Table A-l,

With the exception of capacitors 2B, 2E, 3A through 3E listed in
Table Al, the percent dissipation factor (D,F.%) versus frequency
for the remaining eighteen (18) capacitors is shown in Figure A2,
The variation ranges from 0,092 to 1,020 percent, Capacitor
mmbers that were excluded from the data presentation in Figure A2
were considered to have excessively high dissipation factor

percentages by comparison with the remaining eighteen (18),

Mamufacturers of the seven (7) capacitors with the high dissipa~
tion factors are being advised of these test resulis and effort
will be made to determine the cause for the high dissipation
factors,

Polycarbonate/Foil Capacitors

Table A-2 contains capacitance and percent dissipation factor
test data for fifteen (15) polycarbonate/foil capacitors.

The composite curve in Figure A3 illustrates 10,5 percent
capacitance variation versus frequency and averase capacitance
variation of 2,8 percent for the capacitors tabulated in Table
A2,

Dissipation factor variation from 0,05 to 0,2L percent versus
frequency is shown in Figure Al for the capacitors tabulated in
Table A=2,

Figure 6 contains the percent dissipation factor up to 50 and
80 kilocycles for capacitor mmbers 9B, 10A, and 11A, Capacitor
mmber 10A has the highest dissipation factor of 2.&: percent
at 60 kilocycles, Dissipation factor data for a 2 MFD, 400 VDC
metallized paper capacitor is also plotted in Figure 6 for
reference purposes,
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Metalliged Paper Capacitors

Capacitance and percent dissipation factor test data for fifteen
(15) metallised paper capacitors are tabulated in Table A-3,

Figure A5 illustrates a capacitance variation versus frequency
of 3,7 percent and an average capacitance variation of 1,3
percent for the capacitors tabulated in Table A3,

Dissipation factor variation versus frequency from 0,19 to 1,54
percent for the capacitors tabulated in Table A~3 is shown in
Figure A6,

Comparison of Capacitor Types

Comparison of the average data plotted in Figures 1A, 24, 3A,
LA, 5A and 6A are presented for convenience to the reader in
Figures i and 5, From these graphs, one may observe that the
dissipation factor for polycarbonate/foil capacitors is approxie
mately one quarter (1/4) as large as that for metalliged paper
capacitors, Also the dissipation factor for metalliged poly=-
carbonate capacitors is approximately two-thirds (2/3) that of
metalliged paper capacitors,

Variation of the average percent capacitance variation is less
than 1,6 percent between the three (3) types of capacitors,

The dissipation factor for polycarbonate film is considerably
smaller than for paper dielectrics used in capacitors, However,
part of this material advantage may not be realised if czpacitor
end connections and conductive elements comtribute resistive
losses approaching the same order of magnitude as the dielectric
material,

The difference in dissipation factors between metallized paper
and metallized polycarbonate capacitors would appear to be
attributed largely to the dielectric material advantage of
polycarbonate, The difference in dissipation factors between
metalliged polycarbonate and polycarbonate/foil capacitors
appear to be attributed to capacitor end connections and less
resistance in the thicker foil, as the capacitor conductive
element, than the thinner metallized conductive element,
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Although metalliged paper capacitors have larger dissipation
factors than polycarbonate capacitors, they exhibit smaller
percent capacitance change versus frequency in 259C ambient,
This smaller percent change of capacitance is believed to be
attributed to a slightly decreasing capacitance characteristic
with increasing frequency for impregnated psper dielectrics if
it is assumed that the series inductive elements from construc—
tion methods in the paper and polycarbonate capacitors are
identical,

Results of Tests Versus Temperature and Frequency

Impedance bn%e capacitor test data in ambient temperatures from
= 55°C to + 857C over a frequency range of O, to 10 kilocycles
with simusoidal voltage waveform for eleven (11) capacitors are
tabulated in Tables A=l; through A=6 in Appendix A,

Metalliged Polycarbonate Capacitors

Table A-li contains capacitance and dissipation factor test data
for five (5) metallised polycarbonate capacitors, A variation of

- 2,0 to + 1,6 percent capacitance referenced to 25°C values

versus frequency and temperature, for the capacitors listed in
Table A-li, is shown in Figure A7, With the exception of capacitor
mmbers 2E and 3D, a variation from 0,09 to 1,23 percent dissipation
factor versus frequency and temperature is shown in Figure A8 for
the remaining capacitors listed in Table A-l, Exclusiocn of the
dissipation factor data for capacitor mmber 2E from Figure A8 was
done because the dissipation factor percent in ~55°C ambient was
considered to be abnormally high and a function of either construc-
tion techniques or material other than metallized polycarbonate
film, Similarly, data for capacitor mummber 3D was excluded from
Figure A8, because the high dissipation factor may be a function
of construction techmiques,

Polycarbonate/Foil Capacitors

Capacitance and dissipation factor test data for three (3) poly=
carbonate/foil capacitors are tabulated in Table A5,

Variation of = 2,1 to + 0,65 percent capacitance for the three

(3) capacitors listed in Table A<5 is illustrated in Figure A9,
With the exclusion of dissipation factor test data for capacitor
mmber 10A, a variation from 0.03 to 0,275 percent dissipation
factor for the other two (2) capacitors in Table A«5 is illustrated
in Figure A10, Exclusion of the dissipation factor data for
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capacitor mumber 10A from Figure AlO was done because of the
relatively high percent dissipation factor in - 55°C ambient
that may be a function of construction technique or material
other than the dielectric,

1.h.3 Metallized Paper Capacitors

Capacitance and dissipation factor test data for three (3)
metallized paper capacitors are tabulated in Table A-5,

Percent capacitance variation from - 13,75 to + 3,0 percent
referenced to 25°C values for the capacitors listed in Table

A=6 is illustrated in Figure All, Percent dissipation factor
variation from 0,175 to 1l,Lli percent for the capacitors listed
in Table A-6, with the exception of capacitor mmber 8A, is
ilustrated in Figure A12, Exclusion of the percent dissipation
factor data for capacitor mumber 8A from Figure A12 was for

the same reason for the exclusion of data for capacitor mmber
10A in paragraph 1,4,2 above, :

1.Lhh Comparison of Capacitor Types

Comparison of the dissipation factor data plotted in Figures A8
through A12 are presented in Figure 7 to illustrate the differences
of the three (3) types of capacitars tested in this study, In
comparison with metallized paper capacitors, polycarbonate/foil
capacitors have dissipation factors of spproximately one-fowrth
(1/h) and metallized polycarbonate capacitors have values
approximately one half (1/2) to two<thirds (2/3),

The capacitor dissipation factor data in Figure 7 are based on:

A) Polycarbonate/foil = Three capacitors from 2 mamfacturers
B) Metalliged Polycarbonate - Two capacitors from 2 mamfacturers
C) Metallized Paper - Two capacitars from 1 mamufacturer

These capacitor dissipation characteristics plotted in Figure 7 are
considered to be typical for the capacitor types indicated because
250C ambient data for a larger mmber of similar capacitors listed
in Tebles Al through A3 exhibit relatively small variation of
dissipation factors between mamufacturers except those capacitors
previously mentioned in paragraphs 1.4,1, 1,L.2 and 1,4.3 above,
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A tabulation of the tubular capacitor sizes and weights by type
is presented in Table I, In the LOO VIC ratings, the ratio of
the average volume/capacitance of metallized polycarbonate to
metalliged paper capacitors is 116 percent and similarly the
ratio for the 200 VIC ratings is 138 percent, This 22 percemt
incresse in volume/capacitance ratio from the LOO VIC to the
200 VIC ratings may be attributed to a minimm polycarbonate
film thickness limitation,

The volume/capacitance ratio between polycarbonate/foil and
metallized paper capacitors is250 percent for the LOO VDC
ratings and L50 percent for the 200 VIC ratings, From these
large ratios, it appears that the foil thickness may approach
the polycarbonate film thickness,

The pounds/capacitance for metallized polycarbonate is approxie
mately the same as for metallized paper capacitors, ILarger
physical size of the polycarbonate capacitors; compared with
metallized paper, account for the larger pounds/capacitance
figure,

Capacitor Life Test

Purpose

A total of fifty (50) capacitors were subjected to an abbreviated
iife test of 1000 hours in 85°C ambient, This test was conducted
to determine if the capacitors could withstand AC peak voltages
equivalent to the IC voltage ratings with the exception of IC
voltage ratings above corona starting voltage region,

Description of Test

The fifty (50) capacitors (33 metallized polycarbonate, 12
polycarbonate/foil and 5 metalliszed paper capacitors) were mounted
on the immer walls of a sealed alwmimm box, shown in Figure 8,
The surface of the alumimm box was maintained at a temperature

of 85 + 3°C for the duration of the life test, Figure 9 shows
the inJicating lights that are in parallel with the fuses in each
capacitor circuit illustrated in the elementary diagram in Figure
Bl in Appendix B,

The rating of the fuses in series with the capacitors were selected
to be approximately three (3) times the rated capacitor current,
Detection of a shorted capacitor during the test was revealed by
the indicator light that was on, indicating the fuse had open
circuited,
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Capacitors that may have failed in an open circuit mode only
would have been detected when capacitance and dissipation factor
data were taken at the conclusior of the test,

A11 capacitors were energized with L20 cps voltage with peak
voltage comparable to the capacitor IC woltage rating with the
exeeption of the 0O ViX ratings which were energized with 325
volt peak, The 325 peak voltage is approaching the corona start
region.

A strip chart temperature recorder shown in Figure 9, was used to
monitor the temperature of the alumimum box containing the capaci=
tors. The 420 cps voltage was monitored twice during each normal
working dsy dwring the test, An elapsed time indicator was
energized from the 420 eps woltage source to indicate total test
time,

Results of Test

There were thirteen (13) capacitors that failed during the life
test, The types that failed by develoving short circuits were: -

&y Tyoe Rating

3 Telmaroenate/foil »uFD, Loe Yoo
3 Trreasbonnte,/Feil 2 1D, 200 VI
! 332 Dolrcarhomate 2 1Th, 40O VT
8 virtnilined Pelyrarbenate 3 MFD, 200 VDC

Capacitors 3, L. 5; 11 in Figure 1R developed short circuits

wpon step application of the 230 volt RMS, 420 cps power, This
step applicetion of power resulted in two (2) 350 V RMS transients
and three (3) 280 V RMS transients from resonant effects between
the capacitors and the transformer inductance,

Capacitors 20, 21, 23 and 3C in Figure 1B developed short circuits
upon application of power,

The following capacitors developed short circuit during the life
test as tabulateds
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Capacitor No, Hours to Failure
13 23,7
32 362,7
129 33 h?hoa
31 666,7

The capacitors that failed during this test were from one (1)
capacitor manufacturer, The fifty (50) capacitors subjected to
this life test were obtained from six (6) capacitor mamufacturers,
Capacitors that developed short circuits duwring this life test
are being returned to the capacitor mamfacturer for determina.
tion for cause of failure,

Work Planned for the Next Report Period

Completion of this study has been rescheduled from August 16,

1964 to October 16, 1964 to permit analysis and reporting of
reasons for large dissipation factor variation versus frequency
and temperature, determination of causes for capacitor failure
in life test and to complete calorimeter testing of larger 3 and
5 microfarad ecapacitors to obtain correction factors for bridge
data,

Conclusions

Reduction of commutating capacitor heating will be achieved if
the equipment designer can reduce or eliminate high frequencies
from being impressed on the capacitor because the dissipation
factor increases rapidly with frequency above 10 kilocycles as
illustrated in Figure 6,

In thermally limited applications, capacitor dissipation factors
should be specified for the temperatures and frequencies of
interest to facilitate prediction of performance,

Polycarbonate/foil capacitors exhibit small dissipation factors
over the temperature range from - 55°C to + 85°C and up to 50
kilocycles,

Sige and weight limitations for capacitor ratings of 10 miero-
farads or larger may be imposed by heat generation and transfer
in some applications, Metallised polycarbonate capacitors, that
exhibit smaller dissipation factors than metalliged paper, may
offer apprecisble size and weight advantages in the voltage range
of 200 to 250 wvolts RMS for the following reasonss
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Polycarbonate film has a higher dielectric strength
and therefore requires lsss thickness and volume than

paper,

Polycarbonate film has a smaller dissipation factor
than paper and more capacitance may be packaged in a
container to achieve the same heat generation as paper,
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APPENDIX A

Capacitance and Dissipation Factor Test Data

Data contained in Tables Al through A6 were cbtained by bridge measurement
and calorimeter data with simisoidal voltage waveforms,

An example of the dissipation factor corrections applied to the bridge
data is given here:

From Table Al, capacitor No, 1A, the dissipation factor as deter-
mined from the bridge data at 10 kiloeycles is 1,110%, As
measured by the calorimeter, the dissipation factor at 10 kilo-
cycles is ,975%.

By ratio of the bridge data of the dissipation factor for capacitor
mmber 1B and 1A, the corrected dissipation factor for capacitor
1B at 10 kilocycles is:

0958% X .9?5 = O&%
T.TI6Z

Test data for capacitor mmbers 2E; 2B, 3A through 3E in Table Al were not
included in the plotted results in Figure A2, The reader is referred to
page 3 for reasons of omission,

Test data for capacitor numbers 2E and 3D in Tabls AL were not included in

the plotted results in Figure A8, Also test data for capacitor mumbers 10A
in Table A5 and 8A in Table A6 were not included in the plotted results in

Figures A10 and A12 respectively, The reader is referred to pages L and 5

of this report for reascns of omission,
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lith, Quarterly Report
Report No, R63SCW~31-l;
Page Bl

APFENDIX B

Capacitance and Dissipation Factor lLife Test Data

Test data contained in Table Bl were obtained before and after a 1000 hour
life test in 85°C ambienmt with 40O cps voltage applied,

Capacitors with LOO VIC rating were energiszed with 325 volts peak, Capacitors
with 200 VDC rating were energiged with 212 wvolts peak, The 135 and 157 volt
DC capacitor ratings were energised with 162 volts peak,

The 325 wolt peak limitation was maintained to prevent damage to the capacitors
from corona,

An example of the method of obtaiming correction factors for the dissipation
factor is given:

Bridge walue of dissipation factor for capacitor number 1B before
life test is 0,316% and is equivalent to the corrected DF¥ of 0,132
from Table Al at 1 kilocycle,

Bridge value of dissipation factor for capacitor number 1B after life
test is 0,326%, The corrected DF% is obtained by:

00326% x 0,132 = 00136%
0,315%

1 4
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CAPACITOR TYPES

« EACH CAPACITOR FUSED AS SHOWN BY CAPACITOR 1,
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LIGHTS AND FUSES QUTSIDE OVEN,

= METALLIZED POLYCARBONATE FILM COMSTRUCTION

FCF - POLYCARBONATE FILM AND ALUMINUM FOIL CONSTRUCT | ON
= NETALLIZED PAPER CONSTRUCTION
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ELEMENTARY FOR CAPACITOR LIFE TEST 85 C,

FIGURE B1
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